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Pseudo-polyrotaxanes (PPRs) are supramolecular host–guest complexes constituted by the 
reversible threading of a macrocycle along a polymer chain. We report the formation of 
hybrid PPRs (hPPR), where two types of cyclodextrins thread either simultaneously or 
sequentially on 4-arm poly(ethylene-oxide)-poly(propylene-oxide) (PEO-PPO) block 
copolymers (Tetronic): native α-CD (with higher affinity for PEO) and dimethylated β-CD 
(DIMEB, with higher affinity for PPO). The competitive complexation along the chains is 
examined with three Tetronics, differing mainly in the length of their PEO blocks: T904, 
T1107 and T1307. While PPRs formed with α-CD are insoluble, due to the hydrogen-bond 
network formed between adjacent α-CD, the presence of DIMEB leads to soluble hybrid 
PPRs, slows down the kinetics of complexation, and increases the number of α-CD threaded 
per arm. The morphology of the species in solution over time was followed by time-resolved 
small-angle neutron scattering (TR-SANS) while their crystalline structure was studied by 
X-ray diffraction. While the complexation of the polymeric surfactant with DIMEB shifts 
the unimer-micelle equilibrium towards unimers, the presence of α-CD slows down 
demicellisation and reduces its extent. Overall, the co-threading of two cyclodextrins on the 
same polymer provides a handle to tune the complexation process and the final properties of 
the PPR, including solubility, kinetics of complexation, and composition of the complexes. 
 
Keywords: cyclodextrins; Tetronic; block copolymers; micelles; polyrotaxanes; small 
angle neutron scattering (SANS); time resolved SANS 
  
1. Introduction 
Polyrotaxanes (PRs) are supramolecular mechanically interlocked structures in which 
macrocycles are threaded onto a polymer chain, forming a “molecular necklace”,1 where the 
ring-molecules are confined to the axle by stoppers at both ends of the polymer chain. In 
contrast, pseudopolyrotaxanes (PPRs) are not end-capped and the macrocycles are free to 
slide on and off the polymeric chain, according to the laws of chemical equilibrium and 
kinetics.2,3 Most of the PRs and PPRs reported in the literature are produced with 
cyclodextrins (CDs), cyclic oligosaccharides of glucopyranose units arranged in a toroid 
shape.4 The size of their apolar cavity, which depends on the number of glucopyranose 
molecules  (6, 7, and 8 for the native α-, β-, and γ-CDs, respectively) determines the affinity 
for a specific polymer,5 while the capacity to form hydrogen bonds between adjacent CDs 
contributes to stabilizing the resulting supramolecular structure.6,7 The properties of native 
CDs, in particular solubility, can be tuned by substituting one, two or three of the hydroxyl 
groups on the glucopyranose unit, leading to “modified” CDs. The production, 
characterization and mechanisms of threading of CD-based PRs and PPRs have been 
extensively reviewed in the literature,2,3,8 as well as the applications of these constructs as 
injectable hydrogels and scaffolds in tissue engineering.9–12, sliding ring gels13,14 and 
molecular machines.15,16  
Since the pioneering work of Harada, it is known that water-soluble polymers based on 
EO or PO bind selectively to CDs:1,17–19 α-CD forms insoluble PPRs with polyethylene oxide 
(PEO), but not with polypropylene oxide (PPO); instead, β- and γ-CD form PPRs with PPO 
but not with PEO.6,7,17 This discrimination opens up interesting prospects with block-
copolymers where each block shows selectively towards one type of CD. PPRs obtained 
with linear triblock-copolymers of PEO and PPO (poloxamers, or Pluronics) have been 
studied, with different block lengths of PEO and PPO, in combination with native20,21 and 
substituted CDs.22–24 These constructs show promise, for instance for the treatment of 
Niemann-Pick Type C disease,25–27 where 2-hydroxypropyl--cyclodextrin (HP--CD), 
delivered in the form of PRs, leads to improved pharmacokinetic profiles, bioavailability 
and larger reduction in the cholesterol pool, due to the longer circulating in blood of HP--
CD threaded on a PR compared to CDs alone.28 In comparison to Pluronics, there have been 
fewer studies on PPRs of poloxamines (or Tetronics),29–33 a related family of block-
copolymers where the PEO and PPO blocks are arranged in a cross-shape. Poloxamines 
display a rich phase behaviour, determined by block length and PEO:PPO ratio, a 
temperature-dependent micellisation and gelation,34–38 as well as pH-responsiveness due to 
the central diamine group. These features, in addition to their inhibitory role on 
transmembrane efflux transporters, make them attractive candidates for targeted drug 
delivery.39,40 
A limited number of studies to date have reported the co-threading of different 
cyclodextrins on the same chain, obtaining what we refer to as a “hybrid” PPR (hPPR).28,41,42 
The possibility of threading different rings on the same axle is attractive both from a 
fundamental perspective, to understand competitive binding processes where motion is 
restricted along one axis, and from a practical standpoint, as the combination of rotors can 
be used to optimize the properties of the supramolecular construct (e.g. solubility or toxicity 
profile28). 
In this work, we report for the first time the formation of “hybrid” PPRs of Tetronic 
block-copolymers, T904, T1107 and T1307, having different HLBs and arm lengths (Table 
1), with a combination of α-CD and DIMEB (a stereoregular methyl-substituted β-CD in 
positions 2 and 6). Specifically, we explore how the competitive binding of different CDs 
impacts the micellisation of the amphiphilic polymer, the solubility, stoichiometry and 
crystalline structure of the precipitated PPRs formed, and how the order of addition of the 
macrocycles impacts the final structures of the PPRs.  
 
2. Materials and Methods  
Materials. Native cyclodextrins: α-cyclodextrin (≥98%, with water content of 10%, as 
determined by TGA) and modified cyclodextrins heptakis (2,6-di-O-methyl)-β-cyclodextrin 
(DIMEB, 1331 g·mol-1, ≥98%) and randomly methylated β-cyclodextrin (DS ≈ 12) 
(RAMEB) (≥98%) were obtained from Sigma-Aldrich. Tetronic® 904 (T904), Tetronic® 
1107 (T1107) and Tetronic® 1307 (T1307) were a gift from BASF (Table 1). All the 
solutions were prepared by weight, unless stated otherwise, and the concentrations are 
expressed in wt%. 
Table 1. Structural properties of different poloxamines.  
 
Tetronic Mw (g·mol
-1) NEO NPO HLB 
T904 6700 15 17 12-18 
T1107 15000 60 20 18-23 
T1307 18000 72 23 >24 
NEO, NPO are the number of monomers per PEO or PPO blocks, respectively. 
Gravimetric analysis. Weighed amounts of the reactants were added to ensure final 
concentrations of 1% and 5% for Tetronic and α-CD, respectively, at different DIMEB 
concentrations (from 0% to 3%). Tetronic and CDs were mixed in 2.0 mL Eppendorf tubes. 
After 24 hours (long enough to guarantee that the solid PPR has completely formed) the 
dispersions were centrifuged for 10 minutes at 13000 rpm. The supernatant was removed, 
and the precipitate frozen at -80 ºC and lyophilized. The yield was obtained from the 
difference of mass with the empty tube as the mass of resulting solid divided by the total 
mass of reactants. In the case of sequential additions of CDs, the second CD was added after 
24 h. 
NMR spectroscopy. Samples were prepared by re-dissolving a small amount of the dried 
precipitate obtained from gravimetric analysis in 500 μL DMSO-d6 (>99% purity) to fully 
dissociate the complex. 1D 1H-NMR spectra were recorded with a Bruker Advance 400 
MHz spectrometer. To determine the stoichiometry of the complex, the number of CDs per 
Tetronic arm is calculated by measuring the areas of selected resonances from the polymer 





where AH1 and ACH3 are the areas of the signals from the outer H1 hydrogens of the CD 
and the methyl protons of the PO monomer of the Tetronic, respectively; n is the number of 
glucose units in the macrocycle (6 for α-CD and 7 for DIMEB); and NPO the number of PO 
monomers per arm (17 for T904, 20 for T1107 and 23 for T1307, Table 1). The experiments 
were run in duplicates. 
Turbidimetric analysis. UV-visible spectra were recorded over time on an Agilent 8453 
diode array spectrophotometer (2 nm resolution). Samples were placed in 1 cm path-length 
quartz cuvettes with magnetic stirring and temperature control incorporated (± 0.1 ºC, 
Quantum Northwest TC 1 accessory). The conditions set were 400 nm, a stirring speed of 
1200 rpm, 40 ºC (to ensure the formation of micelles) and variable time intervals to produce 
a kinetic curve.  
X-ray diffraction (XRD). Solid PPRs (samples from gravimetric analysis) were analysed 
at room temperature by X-ray powder diffraction (XRD) in a Bruker D8 Advance 
diffractometer. The Cu Kα1 radiation from the source was chosen, scanning from 5˚ to 40˚ 
(2θ), each 0.02˚ and 2 s per step. 
Time-Resolved SANS (TR-SANS). Kinetic SANS experiments were carried out on the 
D22 diffractometer at the Institut Laue-Langevin (ILL), incorporating a stopped-flow unit 
(Biologic SFM-300), which allows for rapid mixing of solutions and triggers the reaction 
with data acquisition. The neutrons wavelength was set at 6 Å, the sample-to-detector 
distance at 4 m, with a collimation at 5.6 m and a detector offset of 400 mm, giving a wave 
vector range 1.2 ×10-2 < q < 0.26 Å-1, with a 7×10 mm2 sample aperture. The cell path length 
used was 1 mm and the temperature was set at 40ºC. The stock solutions of Tetronic and CD 
were prepared by weighing the required amounts of each compound and deuterated water. 
Appropriate volumes of stock solutions (total of 250 μL) were then mixed in the stopped-
flow cell at a flow rate of 3 mL/s to obtain the target concentrations. Datasets of the 
experiments can be found on the ILL website.43 SANS curves fitting was performed with 
SasView software in batch mode (data handling, fitting procedure and models used are 
described in Results and Discussion, SI and previous studies 44). 
 
3. Results and discussion 
 When mixing solutions of CDs and a suitable homopolymer, the macrocycles thread 
on the polymeric chain to form a PPR. If the polymer comprises different blocks, the CDs 
will interact selectively with different regions of the guest. In the case of poloxamines, the 
higher affinity of α-CD towards EO monomers leads to a preferential localization of the 
macrocycle on the outer PEO blocks, followed by precipitation of the PPR if the 
concentration of native CD is high enough.33 Instead, DIMEB is expected to thread 
preferentially on the PPO blocks to produce a water-soluble PPR.32 When both macrocycles 
are combined, the result is the formation of a “hybrid” PPR (hPPR). The order of addition 
of the CDs is expected to impact the structure and properties of the final construct; we 
therefore examine the effect of simultaneous or consecutive addition on the kinetics of 
complexation and equilibrium structures. 
 
3.1 Simultaneous addition of α-CD and DIMEB: impact on PPR composition and solubility 
 In the case of simultaneous addition, both CDs compete for the poloxamine, 
according to their different affinity for a specific block, with a random distribution expected 
along the four arms. The threading of the two CDs resulted in the precipitation of the PPR, 
implying the formation of hydrogen bonds between adjacent threaded CDs and the further 
bundling of the PPRs. The yields of the PPR formed for the different poloxamines are plotted 
in Figure 1, at fixed concentrations of α-CD (5%) and Tetronic (1%), and varying DIMEB 
concentration. Increasing the amount of DIMEB leads to a reduction of the mass of 
precipitate, the effect being more drastic for the shortest T904, for which no precipitate is 
obtained beyond 1% methylated CD. 
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Figure 1. Yield of precipitated hybrid PPR as a function of DIMEB concentration (1% 
Tetronic and 5% α-CD) after simultaneous addition of both CDs. 
 
The composition of the precipitated PPR, in terms of the number of α-CD and DIMEB 
included in the complex, can be obtained from NMR (Figure 2) by dissolving a small amount 
of the solid in DMSO and analysing the areas of selected resonances. In the absence of 
DIMEB, the number of α-CDs per arm varies with the poloxamine (6 for T904, 16 for T1107 
and 18 for the longer T1307), in accordance with PEO block length (Table 2). The presence 
of DIMEB increases the number of α-CD threaded on the polymer (up to 18 and 22 α-CDs 
in T1107 and T1307, respectively, Figure 2A), a number close to the total concentration of 
α-CD initially present (Table 2), while the number of methylated CDs increases linearly with 
concentration (Figure 2B). Under these conditions (1% Tetronic and 5% α-CD), T904 was 
only studied at 0 and 0.5% DIMEB (where a precipitate is obtained), showing no change in 
composition of the PPR (data not shown). 
 
Table 2. Number of α-CD molecules added, threaded and at saturation per arm of Tetronic, 
in the absence of DIMEB (1% poloxamine and 5% α-CD). 
 
Tetronic α-CD / arm added* α-CD / arm threaded α-CD / arm saturated** 
T904 8.5 6  7.5 
T1107 19 16 30 
T1307 23 18 36 
* Obtained from experimental concentrations (with 1% Tetronic and 5% α-CD) and 
molecular weights of the macrocycle (973 g·mol-1) and poloxamines (Table 1). 
** Theoretical values obtained for each Tetronic (Table 1), assuming that α-CD only 
complexes with the PEO block with a 2:1 EO:α-CD ratio. 
 













































































Figure 2. Number of α-CD and DIMEB per Tetronic arm as determined by NMR as a 
function of DIMEB concentration (1% Tetronic, 5% α-CD) after (A, B) simultaneous, (C, 
D) α-CD > DIMEB and (E, F) DIMEB > α-CD additions of both CDs. 
 
 
Before its precipitation, soluble PPR must be present in the solution. The onset of 
turbidity (threading time, tth) is an estimation of the average time to “cover” the polymer 
with enough CDs to induce precipitation, and can thus be used to monitor the kinetics of 
complexation.45–48 In the absence of methylated CD, the precipitation is faster for shortest 
Tetronics (tth T1307 > T1107 > T904), at the same weight concentration (SI, Figure S1, 
Table 3, Figure 3). 
Table 3. Threading times obtained from turbidimetry for the reaction at 40ºC of 1% 
Tetronic with 5% α-CD and DIMEB. 
 
 Threading time (tth / min) 
% DIMEB T904 T1307 
0 15 90 
0.5 25 100 
1 240 120 
3 no precipitate no precipitate 
 
Considering the previous results, as well as the fact that α-CD binds preferentially to 
EO (1 CD per two EO units), the four arms of T904 are expected to be almost covered by 
this macrocycle. With the longer T1107 and T1307, this is not the case (Tables 1 and 2), and 
there must be non-complexed domains of PEO, producing an uneven distribution of CDs 
that make the PPRs less likely to self-assemble further through hydrogen bonds, hence, it is 
more soluble. Saturation of the blocks corresponds to 30 and 36 α-CDs/arm for T1107 and 
T1307, respectively (Table 2), which is not reached in the conditions studied (SI, Figure S2). 
As the concentrations of DIMEB increases, precipitation is delayed, with no turbidity 




























Figure 3. Kinetic profiles of PPR precipitation obtained from turbidimetry for the 
simultaneous addition at 40ºC of 5% α-CD and DIMEB (1% poloxamine). 
 
The way the reaction has been carried out (simultaneous addition) implies a competition 
of both CDs, native and methylated, for the polymer, in which the threading takes place first 
through the external PEO blocks, for which α-CDs has more affinity. Therefore, the 
composition of the final PPR must reflect this different affinity, depending on copolymer 
length and concentration of CD. For example, at 1% and 3% of DIMEB, the ratio of α-CDs 
to DIMEB in the PPR for the two largest Tetronics varies from nearly 5:1 to 2:1, respectively, 
despite the amount of threaded α-CD increasing with DIMEB concentration (Figure 2A), 
thus reflecting the higher affinity of α-CD for the polymer. Overall, the different affinity of 
the CDs is expected to induce, in all cases, random arrangements of the two CDs along the 
polymer, while the co-threading of DIMEB improves the complexation of α-CD and the 
solubility of the hybrid PPR. 
 
3.2 Threading at short times: kinetics of demicellisation 
 At this point, it is interesting to investigate the PPR reaction at shorter times, when 
the PPR is forming but has not yet precipitated out of the solution. As these amphiphilic 
block copolymers self-assemble into micelles, the impact of the two cyclodextrins on the 
soluble PPRs can be assessed by studying the kinetics of demicellisation by time-resolved 
SANS (TR-SANS). It is necessary to work below the threshold of formation of the solid 
PPR, as it will give rise to high scattering and thus interfere with the data from the micelles. 
At 40ºC and 1% all the poloxamines considered in this work are well above their CMC.32,49,50 
The micellisation of the polymer is expected to compete with PPR formation, which, in turn, 
reduces the concentration of free unimers and consequently the number of micelles in 
solution.33 
First, the effect of each CD (separately) on the micelles is shown in Figure 4 at different 
time points. The neutron scattering patterns for T1107 and T1307 upon addition of the native 
(α-CD, 2.5%) and modified CDs (DIMEB, 3% or RAMEB, 3%) reveal a loss in the 
scattering as the reaction proceeds for both poloxamines, showing the break-up of Tetronic 
micelles. With α-CD, the rupture of micelles is gradual, as evidenced by the loss of scattering 
over time, while it is much faster with DIMEB, with which a full rupture of the micelles is 
observed from the first timeframe (ca. 100 ms). Both the magnitude of this drop and the 
speed at which it takes place increases with increasing DIMEB concentration and it is 
particularly drastic at 3% DIMEB, irrespectively of the molar mass of the block copolymer 
































Figure 4. Time-resolved SANS patterns showing the disruption of T1107 and T1307 
micelles with α-CD (A), DIMEB (B) or RAMEB (C) after 0 s (○) 10 s (△) and 3 min (□). 
 
This effect of methylated CDs on shifting the unimer-micelle equilibrium has been 
reported for linear block copolymers51,52 and other surfactants, like TPGS.44 For example, 
using TR-SANS, it has been observed that Pluronic P85, P123 and F127 undergo fast 
micellar rupture with DIMEB, which has been ascribed to the existence of weak interactions 
between the PPO methyl groups and those of the primary and secondary rims of the 
macrocycle, leading to increased solubility.53 Poloxamines differ from Pluronics with their 
4-arm block structure but they are structurally similar, so the fast breakdown of the Tetronic 
micelles could also be attributed to these intermolecular methyl-methyl interactions, which 
do not exclude a simultaneous or further threading of the DIMEB on the hydrophobic central 
blocks. In fact, previous studies on T904 (by SANS and NMR) have shown that this 
poloxamine forms a soluble PPR with DIMEB, in which the CDs preferentially accumulate 
on the central PPO blocks, with a stoichiometry close to the expected 1CD per 2 PO units 
ratio,21 and a certain degree of mobility along the arms.32 
Based on this previous work, once the reaction begins, the solution is thus expected to 
contain micelles alongside a forming PPR, provided DIMEB concentration is low enough 
so as not to induce a total breakdown of the micelles. The overall neutron scattering thus 
comprises contributions from both structures, and a combined model that accounts for the 
scattering of each species has been used to analyse the SANS traces at each timeframe (4SP-
CSS model, see SI for details). Some of the resulting parameters of the fits for T904 are 
shown in SI, Table S1. At low concentrations of DIMEB (0.5 and 1%), the decrease in 
micellar fraction is slow, and remains constant over long reaction times, similarly to the 
volume fraction and size of the resulting PPR. 
At higher DIMEB concentration (3%), micelles are fully broken and only PPR is present 
in solution, so a simple 4-arm star model can be used to fit the PPR. The fitted quadratic 
radius of gyration is shown in SI, Figure S4, revealing a slight expansion in size of the 
growing PPR, from 23 Å (0.1 s) to 27 Å (1000 s), as the CDs are threading the polymer. 
Interestingly, replacing DIMEB by its randomly methylated counterpart, RAMEB, reduces 
the extent of micellar disruption and micelles are still present at the highest concentration 
(Figure 4C and SI, Table S1). This observation supports the hypothesis of methyl-methyl 
interactions being responsible for the breakdown of the micelles, but also a possible effect 
of the stereoregularity of the CD substitution on the matching of adjacent threaded CDs. 
Having considered the kinetics with one CD, we finally turn to the kinetics obtained 
from the simultaneous addition of two different CDs, focusing on 1% T904 with 2.5% α-CD 
(below the threshold of PPR precipitation) and different DIMEB concentrations. The 
competition of both macrocycles to form the hybrid PPR is reflected in the scattering 
patterns. With 0.5 and 1% DIMEB, and using the same 4SP-CSS model, a small and 
progressive reduction of the micellar fraction is observed (Figure 5), similar to the absence 
of α-CD (SI, Table S1), albeit with a slightly higher fraction of micelles. At the highest 
concentration of DIMEB (3%), a more sudden and drastic drop in micellar fraction is 
observed (Figure 5), however less extensive than the full demicellisation observed with 
DIMEB alone, where the full rupture of the micelles is observed from the first timeframe 




























Figure 5. Data analysis from time-resolved SANS kinetics showing the evolution of the 
fraction of T904 micelles (1%), α-CD (2.5%) and different concentrations of DIMEB (0.5, 
1, 3%) at 40 ºC after simultaneous addition of both CDs (red dash line is the  micellar 
fraction at zero time, 0.034). 
 
Overall, the study of the kinetics of complexation at short times and under conditions 
where precipitation does not take place, reveals a competitive process between PPR 
formation and de-micellisation. DIMEB induces a full and fast rupture of the micelles, a 
capacity that is reduced with RAMEB, and to a much reduced extent with α-CD, while the 
simultaneous addition of DIMEB and α-CD modulates micellar rupture. 
 
3.3 Consecutive addition of the CDs 
 According to the different affinity of α-CD and DIMEB for the different blocks of 
the copolymer, the sequential addition of the macrocycles may affect the yields, the 
composition and the crystalline structure of the solid PPRs formed. For instance, if α-CD is 
added first, the PEO blocks should be complexed by this CD, subsequently hindering the 
further threading of DIMEB towards the central PPO blocks. The outcome, in terms of 
kinetics and final composition, should thus be different to the simultaneous addition, and 
consequently the yield or properties, such as solubility of the PPR, should differ. 
 
 
Figure 6. Comparison of PPR stoichiometry and yield for T904 (3%) under three different 
conditions of mixing: α-CD > DIMEB, DIMEB > α-CD, and simultaneous addition (3% α-
CD, 6% DIMEB). 
 
 First, we consider the addition of α-CD before DIMEB (α-CD > DIMEB). In this 
case, the kinetic profiles (from turbidimetry) are the same as in the absence of DIMEB for 
each poloxamine and independent of the concentration of methylated CD, namely, DIMEB 
is not able to dissolve the solid PPR already formed with α-CD and its addition has no impact 








































 number of -CD / arm
 number of DIMEB / arm
of DIMEB for T1107 and T1307 (SI, Figure S5), and the same behaviour is observed for 
T904, with a yield that is higher at a high concentration of DIMEB (6 %) compared to the 
simultaneous addition (Figure 6, note the conditions studied are not the same as for T1107 
and T1307).  Regarding the number of macrocycles per arm for T1107 and T1307, the slight 
increase in the number of threaded α-CDs with increasing DIMEB concentration in the 
simultaneous addition (Figure 2A) is not observed here (Figure 2C). The number of DIMEBs 
per arm increase linearly, with about half the number of CDs threaded for the shorter T1107 
(Figure 2D) compared to the simultaneous addition (Figure 2B). In the case of T904, the 
number of α-CDs is doubled, while DIMEB is halved compared to the simultaneous addition 
(Figure 6). 
The fact that the number of threaded DIMEB increases upon increasing DIMEB 
concentration (for T1107 and T1307) suggests that some threading of DIMEB on the PEO 
blocks must take place. Thus, the addition in the order α-CD > DIMEB produces a hybrid 
PPR in which the PEOs would be covered mainly by α-CD, with some DIMEBs at the 
extremes of the external blocks. With T904, due to its small size, the PEO blocks are nearly 
saturated which explains the low number of additional CDs threaded (Figure 6). 
 
 We turn finally to the third reaction pathway, where DIMEB is added first, followed 
by α-CD (DIMEB > α-CD). For T1107 and T1307, precipitation occurs quickly with 0.5% 
DIMEB, it is delayed with 1% and no precipitation takes place with 3% DIMEB (SI, Figure 
S6 for T1107, data not shown for T1307), with yields similar to α-CD > DIMEB addition 
(SI, Figure S7). This way of conducting the reaction produces the highest yield of product 
for T904 (Figure 6). The number of α-CDs per arm is virtually constant with T1107 and 
T1307 (around 20 macrocycles, slightly higher compared to adding α-CD first, Figure 2E), 
while the number of DIMEBs increases with concentration, as in the simultaneous addition 
(Figure 2F). The behaviour of T904 is similar to that of the larger surfactants. In this case, 
and comparing to other type of additions, the highest number of threaded α-CD (4-5 CDs 
per arm, as in the α-CD > DIMEB addition) and DIMEB (3-4 CDs per arm, as in the 
simultaneous one) is achieved with DIMEB > α-CD. Thus, independently of the type of 
Tetronic, the highest values of α-CD and DIMEB threaded on solid PPR are achieved with 
the sequence DIMEB > α-CD, because both CDs are accumulated on their preferential 
blocks (PPO for DIMEB and PEO for α-CD). 
In conclusion, the sequential reaction pathway gives access to the selective 
accumulation of the cyclodextrins on their blocks of higher affinity, depending on the order 
of addition, giving rise to a block-like distribution of the macrocycles; instead, the 
simultaneous addition leads to a random arrangement of the macrocycles on the poloxamine 
arms, and a better solubility of the complexes. These different arrangements have direct 
consequences on the crystalline structure of the solid PPRs, as shown in the following 
section.  
 
3.4 Crystalline structure of hybrid PPRs  
 Relevant information on the crystalline structure of the PPRs and the effect of the 
different reaction pathways can be obtained from XRD. The fingerprint of a solid PR formed 
from CDs is its diffraction pattern, characterized by two strong reflections at 19.9˚ and 22.7º, 
due to the channel-like arrangement of CDs threaded on the polymer chain, completely 
different to that of crystalline α-CD.54 Diffractograms of the precipitates from the three 
poloxamines with α-CD show precisely these reflections (Figure 7), confirming the existence 
of channels of CDs in the solid PPR. Topchieva et al. have studied the XRD patterns of 
inclusion complexes (ICs) of PEG and α-CD on oriented samples, and assigned the most 
representative reflections.55 According to this work, the peaks and the corresponding crystal 
planes (in brackets) that can be seen in Figure 7 correspond to 2θ = 7.5˚ (100), 13˚ (110), 
19.9˚ (210) and 22.7˚ (300). In our case, the solid samples are not oriented as they have been 
produced by slow precipitation, but the peak positions must correspond to the same atom 
planes. Comparing the three PPRs, although the reflections are nearly the same, there are 
differences in the relative areas of the peaks at 20 and 23º, with values of 0.5, 2.4 and 3.6 for 
T904, T1107 and T1307, respectively (expressed as A23 / A20). As the number of PO units 
is comparable for the three Tetronic (Table 1), these differences have to be ascribed to the 
PEO blocks, on which α-CD threads preferentially. The lower intensities corresponding to 
the plane 210 (2θ = 19.9º) obtained for T1107 and T1307 point to a lower density of atoms 
in the b direction of the cell unit. As explained above, the four PEO blocks are nearly 
saturated by α-CD in T904 but the coverage is only partial with T1107 and T1307 (Table 2), 
which must therefore result in an uneven distribution of the macrocycles along the polymer 
arms.




























Figure 7. X-ray diffractograms from solid PPRs obtained with 1% Tetronic + 5% α-
CD (T1107 and T1307 are completely overlapped at 2θ = 22.7˚). 
 
The effect of introducing DIMEB and the order of addition (simultaneous or sequential, 
using 5% α-CD and 1% DIMEB) was studied with the shortest and longest poloxamines for 
comparison purposes. The simultaneous incorporation of both CDs to the PPR does not 
modify the diffraction patterns much (SI, Figure S8). For T904, a slight shift of the 2θ = 
19.9º peak to lower angles is observed in the presence of DIMEB, suggesting larger inter-
planar spaces in the b direction, although A23 / A20 = 0.5 is obtained for both cases. The 
opposite behaviour is observed for T1307, in which no shift occurs, but the A23 / A20 ratio is 
doubled. Figure 8 shows the normalised traces for T1307 solid PPRs obtained from the 
sequential addition of the CDs. The channel-like stacking of α-CDs is present in both cases 
(intense reflections at 2 = 20º and 23º), but there are clear differences in the relative 
intensities. When the macrocycles are incorporated simultaneously, the regularity of the PPR 
is reduced, with the lowest value A23 / A20, corresponding to a structure that contains a 
random distribution of both CDs. Instead, the sequential addition produces blocks of grouped 
DIMEBs, preferentially localised towards the centre of the Tetronic (PPO blocks), and α-
CDs on the outer PEOs (albeit less compact than in T904, given the length of the hydrophilic 
blocks in T1307, which did not lead to saturation at the concentrations used). 
Thus, this more regular arrangement provides better packing features for the PPR 
chains. Adding α-CD first (A23 / A20 = 2.9) represents an intermediate situation between 
both, where DIMEB molecules, which enter after the PEO block is partially threaded by the 
native CD, may “push” the α-CDs further towards the centre, producing a somewhat more 
compact clustering of α-CDs, and a more efficient packing compared to that of α-CD alone 
with T1307 (A23 / A20 = 3.6). The most packed structures are obtained adding DIMEB first 
(A23 / A20 = 2.3), as it allows each CD to preferentially localise on the block with which they 
have a higher affinity. For both non-simultaneous additions, slightly more packed structures 
are obtained at DIMEB concentration 3% compared to 1% (SI, Figure S9), with A23 / A20 
ratios of 2.43 and 2.26, when adding first α-CD or DIMEB, respectively, in accordance with 
a higher number of threaded DIMEB (Figure 2). 
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Figure 8. X-ray diffractograms from solid PPRs obtained with 1% T1307 + 5% α-CD 
+ 1% DIMEB. 
 
4. Conclusion 
The formation of hybrid PPRs of Tetronic block-copolymers, T904, T1107 and T1307, 
having different arm lengths, with a combination of α-CD and DIMEB, has been 
investigated, with α-CD (smaller cavity) and DIMEB (larger cavity) forming inclusion 
complexes selectively with PEO and PPO, respectively. The objective was to examine how 
the competitive binding of the different CDs and their order of addition influences the 
kinetics of PPR formation and the composition of the final constructs.  
The simultaneous addition of the two CDs leads to a competition of both macrocycles 
for the polymer to form a hybrid PPR, in which the CDs thread randomly. DIMEB hinders 
the formation of hydrogen bonds between neighbouring α-CD and on adjacent chains, 
preventing the PPR stacking and its further precipitation, and producing a more soluble 
construct with increasing amount of DIMEB, at an equivalent α-CD concentration. Above 
the CMT, the self-assembly of the Tetronic surfactants to form micelles is drastically 
modified by the presence of DIMEB, while the rupture of micelles with α-CD is partial and 
gradual with time, as shown by TR-SANS. Therefore, the break-down of the micelles can 
be modulated by the relative composition of both CDs in the reaction feed.  
The sequential addition of macrocycles allows an organized arrangement of threaded 
CDs along the Tetronic unimers. Independently of which CD is added in first place  and of 
the DIMEB concentration, higher yields of solid PPR are obtained. When α-CD is added 
first, the external PEO blocks are either partially or totally occupied with the native, narrower 
CD, limiting the entrance of DIMEB, and leading to an insoluble PPR, not too dissimilar to 
the case of α-CD alone. Instead, adding DIMEB first induces a preferential localisation of 
each CD on their preferred block, producing a “by-block” hybrid PPR with the most regular 
packing, as confirmed by XRD measurements, and with the highest number of both CDs 
threaded. 
In summary, we have demonstrated the construction of hybrid PPRs from the co-
threading of two different macrocycles, showing that the order of addition provides a handle 
to tune the properties of the supramolecular construct. In particular: the solubility of the PPR, 
kinetics of complexation, composition, complexation ratio, crystallinity of the solid PPR, 
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